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Integrated modeling systems provide support for the defi-
manipulation, and control of mathematical models 
the entire modeling life cycle. Model integration is 
crucial operation which requires thinking about 
in the large", and which extends the scope of 
research to include manipulation as well 
Several aspects of model integration are identi-
and briefly described with respect to the problems they 
for constructing integrated modeling environments. Rel-
work in these areas is cited. A brief introduction to each 
papers in this special issue is provided within the 
established. 
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1. History 
Since 1988, there has been an integrated mod· 
eling environments (lME) minitrack within the 
knowledge and decision support system track of 
the Hawaii International Conference on System 
Sciences (HICSS) devoted to model management 
research. The IME name was selected to convey 
the broadest spectrum of model management top· 
ics, and to encompass the diverse theoretical and 
practical issues related to the development of 
robust modeling environments for decision sup· 
port. 
Over the years, the HI CSS IME sessions, in 
concert with their sister logic modeling minitrack 
sessions, have provided one of the premier fo· 
rums for model management. Leading reo 
searchers have offered a rich mix of topics includ· 
ing model representation, visualization, graphical. 
interfaces, integration, modeling languages, and 
model management system implementations. This 
special issue is, in some sense, a culmination of 
the excellent papers and discussions on model 
management which have characterized these IME 
sessions. 
2. Model management and model representation 
Model management is an interdisciplinary pur-
suit which combines elements of operations re-
search (OR), artificial intelligence (AI), database 
management, management science (MS), cogni-
tive science, and decision support (among others), 
each of which is an accepted discipline in its own 
right. This has the advantage of providing exciting 
research opportunities for people with interests 
in two or more of these areas. However, there is 
the tendency to coopt model management and 
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reduce it to the context of the corresponding 
reference discipline. Thus, for example, model 
management becomes conceptual modeling in the 
database community, knowledge base modeling 
in AI, and mathematical modeling in the ORjMS 
world. 
Model management, as interpreted by the par-
ticipants in the IME sessions, usually refers to the 
application domain of mathematical modeling, 
with particular emphasis on ORjMS models for 
decision support. This characterization is unnec-
essarily restrictive, however, for model manage-
ment really entails much more than just this 
province of applications. For example, computer-
aided software engineering (CASE) tools now 
speak routinely of model management in the sense 
of storing, retrieving, and manipulating the con-
ceptual data models and process models which 
comprise a specific information architecture. 
Modeling is a pervasive activity which mani-
fests itself in nearly every discipline. In the infor-
mation systems world, for example, one can argue 
that it is the models that are of primary interest 
rather than the data which historically has been 
the focal point. We do not understand an organi-
zation by looking at what data it has accumulated 
but rather by what models it operates under, for 
example its models for risk analysis, financial 
accounting, and decision making in general. Al-
though mathematical modeling is the starting 
point for most of model management research, 
one cannot help but be struck by the similarities 
across modeling disciplines. The potential signifi-
cance of research findings in model management 
extends well beyond the sphere of ORjMS or 
any other patently model-based field. 
During the last decade, the major advances in 
model management have been in the area of 
representation. Three main schools of model rep-
resentation have emerged from this research: 
Structured modeling, logic modeling, and graph 
grammars. Structured modeling [11] is a formal 
definitional scheme based upon graph theory 
which extends semantic data models from the 
database world to capture the complexities of 
mathematical modeling. Structured modeling al-
lows the user to view models graphically, textu-
ally, or algebraically, and at different levels of 
abstraction. Logic modeling [14] is more a wed-
ding of artificial intelligence with mathematical 
modeling, relying primarily upon first order logic 
as the means of capturing model knowledge. 
allure of this approach is that first-order 
provides a very powerful, formal means of 
scription which encompasses a ready-made 
cutable language in the bargain. Graph gnrmlmru 
[13] offer a flexible visual metaphor of 
representation which can best be stated as 
els as graphs". This graphical paradigm for 
scribing and manipulating models is oalrticllb, 
conducive to implementation, given the 
emergence of powerful, inexpensive graphics 
ware. 
These model representation schemes are 
ther mutually exclusive nor collectively 
tive. There is a significant area of overlap 
them and attempts to integrate the schemes 
been made. Structured modeling, logic model:ini 
and graph grammars are well represented in 
special issue, and several papers explicitly 
the cross-play between them. 
3. Model integration: beyond model rellre;senltll 
tion 
One of the objectives of the IME millitnlci 
has been to go beyond strictly rer,re,;entatiiona 
issues to consider how models may be linked, 
integrated, with one another. The motivation 
this focus reaches back to the relational 
model from database research. The 
model includes not only a representation 
sion (data as tables) but a powerful manirmllltiol 
formalism as well (relational 
calculus with transitivity). This closed world 
erty of the relational model provides a 
elegance which eludes the more complex 
of model management. 
To demonstrate the difficulties inherent 
model integration, consider a situation where 
have a standard transportation model for 
the demand and supply components are 
mined from other independent models. For 
ample, demand may be forecasted from a 
mum likelihood estimation model and the 
component may be determined from a 
event simulation manufacturing model (see 
1). When we speak of integrating these 
models, the following kinds of integration 
be considered: 
(1) schema; (2) process; (3) models and 














models and solvers; (5) modeling paradigms; 
environments; (7) modeling system interfaces. 
Although this is by no means an exhaustive list, 
these aspects of integration raise very challenging 
research issues. 
Schema integration is a problem which has 
studied extensively by the database commu-
[1] and which has direct corollaries for model 
m,ma:genaerlt. Geoffrion [12], for example, sug-
methodology for integrating structured 
p10deling genus graphs to form composite models 
the logical, or definitional, level. Although at 
blush, simple splicing (i.e., 'joining' graphs at 
they have in common such as demand and 
in fig. 1) may seem sufficient to create an 
J!lt,egrate:d model, in general the problem of where 
how to 'join' independent genus graphs and 
associated schemas is non-trivial and in-
complex issues of inheritance and abstract 
types (see, e.g., [3,2]). Further, it seems that, 
using a formal system such as structured 
"VUv""g for representation, integration at the 
level is very difficult to automate COffi-
some human adjudication is required 
the way for all but the simplest of cases. 
integrated structured model schema can be 
as the logical, or representation, dimension 
inl:eg:ration but there still remains the question 
how to manipulate this integrated model. As-
model solution as the manipulation oper-
there are several ways this might occur. If 
model component has a separate solver, 
one scenario might be to simply 'pipeline' 
that is, to link them serially so that out-
of anyone model feed directly to the inputs 
successor. This technique could be used for 
distribution example, however, 
are instances where it might not always be 
Combining several regional trans-
portation models into an integrated national 
transportation model, for example, could. be 
viewed as a consolidated integration where the 
same solver that is used for each of the compo-
nent models is also used for the integrated model. 
In the general case, it's not clear from simply 
viewing the logical structures of component mod-
els and their integration what processes must be 
invoked to solve the integrated model. A process, 
or solver, integration schema in the form of an 
MML which complements a model description 
language is necessary as well. Muhanna and Pick 
[19] describe a systems-oriented approach to this 
problem with a graphical model integration inter-
face whereas [15] presents features of an MML 
based on the notions of communicating sequen-
tial processes. Object-oriented approaches for 
process integration have also been elaborated 
([5,18]). Research is just beginning to focus on 
this aspect of modeling languages after nearly a 
decade of concentrating on model description. 
One of the biggest obstacles in the develop-
ment of complex mathematical models is obtain-
ing valid data to populate a meaningful model 
instance. The integration of models and data 
often entails the lion's share of a large-scale 
modeling project. It is essential that modeling 
systems have access to existing corporate data 
resources to minimize this impact. This raises the 
issue of how to integrate data management tech-
nology such as query languages [4] and dictionary, 
or repository, systems [7] into IMEs. Relational 
database systems do not seem powerful enough 
to support mathematical modeling in general and 
the advent of extensible and object-oriented 
DBMS as implementation vehicles for IMEs is a 
fertile area for research [6]. 
A staple of OR research since its inception has 
been the development of efficient algorithms for 
solving classes of optimization models. Model 
management has attempted to expand this nar-
row solver-oriented approach to modeling by 
searching for more robust representations such as 
those described above. Solvers are nevertheless 
critical elements in an IME and it's necessary for 
an IME to be able to integrate high level model 
representations with the specific data structures 
required by solution algorithms. Research is re-
quired about how to do·this without having to 
write a specific transformation for every combina-
tion of representation and solver [171. The paper 
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by Ramirez, Ching, and St. Louis in this issue 
addresses the problem of model/ datal solver in-
dependenc{O in detail. 
Model representation coupled with' data and 
solver integration gives rise to the notion of mod-
eling paradigm integration. This addresses the 
ambitious objective of being able to support a 
wide range of modeling paradigms (e.g., mathe· 
matical programming, discrete event simulation, 
econometrics, database, etc.) within a single, uni-
form environment. Realization of this objective 
depends not only on the robustness of the under· 
lying model representation but also on the ability 
to link a wide range of corresponding solvers such 
as simulation programs, statistical routines, and 
database query processors. [16] and [8], for exam-
ple, discuss the problems inherent in trying to 
adapt the relatively static formalism of structured 
modeling to the representation of dynamic behav-
ior as embodied in discrete event simulation 
models. Moving the frontiers of model manage-
ment beyond mathematical programming where 
most of the successes have been enjoyed is one of 
the more interesting research challenges facing us 
today. Only when diverse paradigms can be rep· 
resented under a single umbrella will it become 
truly efficient to consider model integration in 
the broadest sense. 
Another area of integration that is becoming 
increasingly important, not just for model man-
agement but for all applications is software inte-
gration. The ability to link word processors, 
spreadsheets, databases, and graphics packages in 
a seamless fashion enhances the feasibility of 
modeling environments which can support 
paradigm integration. Contemporary operating 
systems are providing increased capabilities in 
this vein through such features as dynamic data 
exchange (DOE). 
Finally, an IME must be able to support inter-
faces for other familiar modeling systems. In the 
same way that command·driven operating sys-
tems can be tailored to look like others (e.g., 
Unix to look like DOS) by renaming commands, 
an IME should be able to support other modeling 
system interfaces so that users can work in a 
venue in which they are comfortable. An opti-
mization modeling environment, for example, 
might facilitate a GAMS or LINDO interface for 
users familiar with those systems. This would 
obviate them having to learn a new environment. 
The challenge in this arena of integration is 
construct efficient transformations from these 
ternal system representations to the . 
model representation underlying the IME. 
Bhargava and Kimbrough paper in this issue 
fers novel approach to solving this problem. 
4. Summary of papers 
The inspiration for this special issue 
largely from an especially productive and 
caliber IME session in 1990. 1 Although 
nary versions appeared in the 1990 RICSS 
ceedings, the articles in this special issue 
undergone extensive review and subsequent 
sion from their RICSS counterparts to 
they meet journal publication criteria. 
One of the premier thrusts in model 
ment has been the search for more 
languages to support the modeling process 
multiple paradigms. The papers in this issue 
flect this emphasis faithfully. 
Chris Jones' "An integrated modeling 
ment based on attributed graphs and graph 
mars" describes networks, a graph-based 
ing system (GBMS) for representing and 
lating models, and shows how it facilitates 
integration. Four specific models are COJostructe 
and subsequently linked: Critical path, linear 
gramming, network flow, and decision tree. 
striking feature about networks is that ev"rythinj 
is done graphically, even the operations on 
graphs of the models themselves. This visual 
proach constitutes a dramatic departure from 
ditional model building which has tended to 
heavily upon the algebraic representation of 
els. In many cases, the graphical medium 
to offer an intuitively appealing way for 
view models; network flow models, for example, 
certainly lend themselves exceptionally well 
this representation. 
Jones also provides a concise overview of 
integration research, showing how 
mars compare with structured modeling 
modeling in this context. This survey indicate, 
many of the overlaps between these three 
I Chari and Krishnan's paper was presented in the 1990 
Modeling session. 
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proaches to model description, as well as provid-
ing a convenient transition to the next two papers 
in this special issue. 
Bhargava and Kimbrough's article, "Model 
management: An embedded languages ap-
proach", is representative of the logic modeling 
school of model management. The authors de-
scribe a technique they call embedded languages 
which lends powerful support for the modeling 
system interface brand of integration described 
above. The basic idea is that an executable em-
bedding language can be built (and has been built 
for a Coast Guard application) which can contain 
one or more embedded languages, including ex-
isting executable modeling languages (EML). The 
embedding and embedded languages are repre-
sented formally in first order logic, and constitute 
elements of an overall target language which sits 
on top of them. Incorporating external languages 
as embedded languages allows an underlying 
modeling environment to accrue functionality in 
an incremental fashion according to the strengths 
and weaknesses of specific EMLs. Thus, if we 
wish to construct a modeling environment to sup-
port the integrated model example discussed 
above, we might embed EMLs for linear pro-
gramming (e.g., AMPL [10]), econometric model-
ing (e.g., PERM [9]), and discrete event simula-
tion (e.g., Simscript). 
Embedded languages offer a viable means for 
building bridges between the three paradigms for 
model representation. Chari and Krishnan's pa-
per, "Towards a logical reconstruction of struc-
tured modeling" provides a blueprint for embed-
structured modeling within logic modeling. 
authors show how to recast structured mod-
eling into an embedded language in first order 
thus providing a concrete example of how 
the embedding process can be implemented. 
Whereas embedded languages constitutes an 
.IDcrenlenltal approach to developing a language 
modeling systems, Hong, Mannino, and 
propose a universal modeling lan-
in "Measurement theoretic representation 
large, diverse model bases: The unified model-
language tv". tv is a declarative language 
on logic modeling and measurement the-
Measurement theory is concerned with map-
the empirical world of objects and relations 
mathematical systems, and provides a very 
relevarlt. though previously unexplored, theoreti-
cal basis for modeling languages. tv is capable 
of representing very broad kinds of knowledge 
about models including assumptions, and sub-
sumes much of the functionality of object-ori-
ented languages. 
Ramirez, Ching, and St. Louis' paper, "Inde-
pendence and mappings in model-based decision 
support systems", is also about modeling lan-
guages, but focuses on an actual implementation 
rather than on theoretical concerns. The authors 
discuss the issues surrounding model, data, and 
solver independence, and then describe the data 
and algebraic model system (DAMS) which sup-
ports these levels of independence. DAMS is an 
implementation of a modeling environment based 
on structured modeling which contains an 
SM/DB modeling language as well as an ex-
tended version of SQL, called SQL/OBJ, for 
data manipulation. 
5. Conclusions 
One of the implications of the articles in this 
issue is the level of difficulty involved in building 
an IME. Many fine modeling systems exist for 
specific applications such as linear programming 
and statistical analysis, but systems which support 
a wide range of modeling paradigms are virtually 
non-existent. The inability to share models across 
systems designed for specific domains artificially 
restricts the utility and impact of modeling in 
general. Continuing to rely upon standalone sys-
tems segmented for particular applications will 
ensure that the modeling community remains 
fragmented and less effective than it can be. 
The hope of researchers in model manage-
ment is to reveal the coherence of the modeling 
process independent of discipline, and to show 
that environments can be developed which sup-
port effectively these more general aspects of 
modeling. Only by achieving this high level of 
integration are we likely to see the full realization 
of modeling as an indispensable part of organiza-
tional decision making. 
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